The preparation of heterodinuclear complexes, especially those comprising early-late transition metals coordinated by a simple or symmetrical ancillary ligand, represents a fundamental challenge and an opportunity to prepare catalysts benefitting from synergic properties. 
Introduction
Synergic chemistry can take place when two metals are combined within a coordination environment either allowing through space or electronic communication so as to improve or increase the overall performance of the complex. Such heterometallic complexes have many useful applications, and have outperformed their homometallic analogues in fields such as metalhalogen exchange, 1, 2 CH activation [3] [4] [5] [6] [7] [8] and asymmetric catalysis. 9, 10 Despite the advances in preparing heterometallic complexes, [11] [12] [13] [14] heterometallic titanium homogeneous catalysts remain underexplored. 15, 16 As the second most abundant transition metal in the Earth's crust, titanium is an attractive metal for catalysis as it is sustainable, inexpensive and non-toxic. 17 Furthermore, zinc is of high interest because of its low toxicity, low cost, and its lack of colour and redox chemistry. Titanium catalysts are useful in various transformations including hydroaminoalkylation reactions, 18 aldol and allylic additions to ketones and aldehydes, 19, 20 and the epoxidation of alkenes. 21 In polymerization catalysis, titanium complexes are particularly effective single site catalysts for olefin polymerization, [22] [23] [24] and active titanium catalysts have been reported for oxygenated monomers including ε-caprolactone, 15, [25] [26] [27] [28] rac-lactide and, more recently, CO2/epoxide ring opening co-polymerization (ROCOP). 27, [50] [51] [52] [53] [54] [55] [56] [57] Heterodinuclear complexes have shown great promise in polymerization catalysis and have allowed greater activities and selectivities to be achieved. 14, [58] [59] [60] [61] [62] [63] [64] [65] Recent breakthroughs include elegant heterodinuclear transition metal complexes based on Ti/Cr and Ti/Zr, developed by Marks and co-workers, which show higher activities in olefin polymerization than previous generations of homodinuclear analogues. 14, 66, 67 So far, there are fewer heterodinuclear early-late transition metal polymerization catalysts, and those based on early-late first row transition metals are quite unusual, despite hints that cooperative activity enhancements can occur. 16, 68 In 2015, the first examples of hetero-magnesium/zinc catalysts for CO2/epoxide copolymerization were reported, which showed significantly enhanced activities (5-50 times greater) compared to their homodinuclear counterparts. 69, 70 The alternating copolymerization of CO2 with epoxides represents a practical and useful method of adding value to captured CO2, and there has been much recent academic and industrial interest in this field. [71] [72] [73] [74] [75] [76] [77] [78] Whilst a range of catalysts are known, those based on zinc showed particular promise and there is also recent precedent for titanium complexes showing activity. 79 Therefore, it was of interest to investigate heterodinuclear titanium-zinc catalysts for the alternating copolymerization.
Heterodinuclear Complex Synthesis and Characterisation
The goal was to develop the synthesis of a hetero-Ti(IV)-Zn(II) catalyst for ROCOP. Previously, a series of di-zinc catalysts have shown very good performances, [80] [81] [82] and hetero-Mg-Zn catalysts have shown even greater rates. 70 As part of on-going investigations of new catalysts for alternating copolymerization, we were interested to investigate the influence of the different metal centres, therefore the same ancillary ligand (1, L) was applied; the ligand is a diphenolate tetra(amine) macrocycle. Nonetheless, a significant synthetic challenge is to develop the routes to mono-metallate such symmetrical dinucleating ligands. Previously, this was achieved using organozinc reagents and careful temperature/reaction control, so as to prepare LZn complexes.
It was of interest to investigate other organometallic reagents to effect mono-metallation and in particular, to apply titanium reagents. The macrocyclic pro-ligand (1, Scheme 1) was prepared according to literature methods, 81 (Fig. S1-2) . 1 H NMR monitoring of the reaction confirmed that the relative integration of the iso-propanol and iso-propoxide resonances was 1:1. The complex was isolated by removal of the reaction solvent and the liberated iso-propanol. Elemental analysis and MALDI-ToF analysis of the isolated solid were fully consistent with the formation of 2. DOSY NMR analysis showed that all the product resonances possess the same diffusion coefficient (Fig. S3) , and calibration experiments suggested that the complex was monomeric in toluene (see ESI for further details). The ligand 1 is already known to form homodinuclear complexes of Mg(II), 83 Fe(III), 84 Co(II/III) 85 or Zn(II). 81 In contrast, the addition of a second equivalent of Ti(O i Pr)4 gave the same NMR spectrum as for 2, with free Ti(O i Pr)4 also observed. Hexa-coordinate Fe(III) and Ti(IV) have similar ionic radii (Fe III , 69 pm; Ti IV , 74 pm), but the formation of di-Ti(IV) complexes is not observed, possibly due to steric hindrance by the iso-propoxide groups, and also because charge balance in a hexa-coordinate complex is not feasible for two M(IV) centres coordinated by the macrocycle.
The successful synthesis of a Ti(IV) complex allowed an exploration of the coordination of other metal centres in the additional coordination site of the ligand. Thus, the addition of zinc and magnesium salts, including ZnCl2 and Mg(OAc)2, to 2 was investigated. 70 No reaction was observed. As an alternative method to incorporate a second metal centre, the addition of strongly reducing metals was trialled, with the aim of incorporating an oxidised magnesium or sodium centre, and with reduction of Ti(IV) to Ti(II) or Ti(III), respectively. Magnesium metal was tested, however only traces of a new product were observed by 1 H NMR spectroscopy, even after 5 days at 65 °C. Sodium metal was subsequently trialled, due to its higher reduction potential. When the reaction was performed in THF solvent, or when sodium naphthalide was pre-formed as the reductant, the 1 H NMR resonances of 2 were completely absent, suggesting that a reaction had occurred. The product showed resonances corresponding to LNa2 together with as yet uncharacterized titanium complexes, revealing that redistribution of the metal centres occurred, and that this route was not a viable method to cleanly insert a second metal into the ligand scaffold. In contrast, the addition of Bronsted bases NaH or Na(N(SiMe3)2) gave sharp, welldefined spectra, suggesting the presence of a new complex, and with only a little redistribution to form LNa2. The same set of new product resonances was observed using NaH or Na(N(SiMe3)2), which suggested that the major product was L 3-Ti(O i Pr)2Na (Fig. S4) .
As the preliminary studies suggested that the ligand could adopt a trianionic coordination mode, achieved by deprotonation of the NH, diethylzinc was selected as a reagent to prepare heterometallic complexes. The selection of zinc was driven by the excellent precedent for zinc catalysts in CO2/CHO alternating copolymerization and in lactide or ε-caprolactone polymerizations. 30, [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] 
H NMR).
Structural elucidation of 3 and 4 revealed that the two complexes are very similar, and the titanium centres are hexa-coordinate, connected to two phenolic oxygens, two iso-propoxide groups and two nitrogen centres, one of which is anionic (N8). The constraints of the tetra- 
Applications in Polymerization
Heterodinuclear 3 and 4 were tested for the alternating copolymerizations of CO2/cyclohexene oxide (CHO), using 1 mol% catalyst loading (vs the epoxide, CHO) and 1 bar pressure of CO2 at 80 °C, the conditions were selected as being optimum for related di-zinc catalysts. 71 Both complexes were moderately active, giving up to 53% conversion after 24 h (Table 1 , entry 3) and exhibited high CO2 uptake, resulting in ~94% carbonate linkages. The polymerization was moderately wellcontrolled, with a MW of 2190 g mol -1 and a dispersity of 1.35. The molecular weight distribution is bimodal, a feature which has been observed with many different catalysts for this copolymerization, 85, [105] [106] [107] and which has previously been shown to be due to chain transfer reactions between the catalyst and cyclohexanediol; the diol is itself formed by reaction between epoxide and trace water as was clearly demonstrated by Darensbourg and co-workers using detailed spectroscopic monitoring of polymerizations. 108 Accordingly, the MALDI-ToF spectrum of the purified polymer showed two series of chains, which differed according to the chain end groups (Fig. S9) . One series was a α-propoxide-ω-hydroxyl end-capped polycyclohexene carbonate, whereas the second was a telechelic polymer terminated by hydroxyl groups. The mono-titanium species 2 was completely inactive for polymerizations and no polycarbonate was observed after 24 hours (entry 1). The lack of activity may provide indirect support for the notion that two metals are required for catalysis. 109 Furthermore, the monometallic zinc analogue, LZn, synthesized through the reaction of ligand 1 with one equivalent of either Et2Zn or Ph2Zn, has also shown no activity towards CO2/CHO copolymerization, most likely because of the lack of an initiating co-ligand. 70 Comparing catalyst 3 against other known Ti(IV) catalysts for this polymerization is rather complex as other catalysts is more difficult due to the range of different conditions used and more details are provided in the ESI regarding specific data for literature catalysts (Fig. S10 , Table S1 ). 56 Even given the different conditions used in testing other catalysts, catalyst 3 appears less active than the titanium diphenolate 50 or titanium bis(salphen) 54 complexes (Fig. S10 , Table S1 ). 53, 56 It should however be appreciated that the other reported Ti catalysts require the addition of co-catalyst to achieve polymerizations, in the case of catalysts 3 or 4 such additives are unnecessary. (Table 1 , entry 8 and 10). The polymerization kinetics showed a first order dependence in monomer concentration (Fig. 2, LHS) . The polymerization was well-controlled, with a linear correlation between the Mn and L-LA conversion and reasonable correlation between predicted and experimental values of MW, with dispersities < 1.20 in most cases (Fig. 2, RHS) . The ROP of rac-lactide was also investigated and low hetero-selectivity was observed (Pr = 0.68, Table 1 , entry 4). 112 The catalyst activity of 3 (kobs = 4 h -1 (= 11 x 10 -4 s -1 ) at 70°C, 1 mol% catalyst loading,
[LA] -1M in THF), is competitive compared to other titanium alkoxide catalysts (refer to ESI, Fig.   S11 and Table S2 ). [30] [31] [32] [33] For example, 3 is 250 times faster, albeit at a higher concentration of monomer, than a related mono-titanium catalyst based on a diphenolate ligand scaffold (kobs = 16
x 10 -3 h -1 at 100 °C, 1 mol% loading, [LA] -0.5M in benzene, Fig. S11-E) . 32 In contrast to the promising activity exhibited by the heterodinuclear complexes 3 and 4, the mononuclear Ti(IV) complex 2 showed no activity at all in the ROP of L-LA (Table 1 , entry 6). The heterodinuclear complex 4 which has a phenyl group attached to the zinc centre gave a slightly slower rate of propagation (6.3 x 10 -4 s -1 ), providing some evidence that the phenyl group remains coordinated to the catalyst during the polymerization. The MALDI-ToF analysis confirms this hypothesis as it shows only polylactide chains terminated by iso-propyl (ester) and hydroxyl end groups; there was no evidence for any Zn-Et or Zn-Ph initiation of polymerizations (Fig. S12) . The reactivity enhancement observed may have a steric origin; in 3, the ligand is "tied back" to expose the zinc centre, which might facilitate lactide coordination [ propoxide, ω-hydroxy end-capped PCL, the second is more unusual, with the chain ends terminated by the ligand, and a hydroxy group (Fig. S14 ). This finding suggests that the anionic ligand scaffold can also act as an initiating species in catalysis, a feature which is preferably avoided to be sure of optimum performance and control. which builds further evidence towards the importance of dinuclear polymerization catalysts and the potential for mixed metal synergic interactions. Generally, there is a growing evidence that heterodinuclear complexes are an important focus in polymerization catalysis; in future it will also be necessary to ensure that where possible earth abundant elements like titanium or zinc are applied so as to produce more sustainable and cost-effective catalysts. Further work is necessary to optimise the catalysis and could be directed towards the incorporation of different metals and co-ligands.
Experimental Section
All metal complexes were synthesized under anhydrous conditions, using MBraun gloveboxes and standard Schlenk techniques. Solvents and reagents were obtained from Sigma Aldrich or Strem and were used as received unless stated otherwise. THF and toluene were dried by refluxing over sodium and benzophenone and stored under nitrogen. Cyclohexene oxide (CHO) was dried over CaH2 and fractionally distilled under nitrogen. All dry solvents and reagents were stored under nitrogen and degassed by several freeze-pump-thaw cycles. A research grade CO2
cylinder supplied by BOC (100% purity), and fitted with a Drierite drying column, was used as the CO2 source for all copolymerisation studies. Macrocyclic ligand 1 was synthesized following literature procedures. 81 NMR spectra were recorded using a Bruker AV 400 MHz spectrometer.
Correlations between proton and carbon atoms were obtained by using COSY and HSQC NMR spectroscopic methods. LTiZn(O i Pr)2Et, 4: Complex 4 was synthesised following the general procedure described for 3.
Immediately after the addition of Ph2Zn (0.20 g, 0.91 mmol), the solution changed colour from yellow to orange. The reaction mixture was allowed to stir for 1 hour, and solvent was subsequently removed in vacuo, to yield 4 (0.50 g, 64% yield). 
